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FOREWORD

This report describes work completed during the period 27 June 1969
through 26 June 1970 under Phase II of Contract NAS8-21310 for the NASA
Marshall Space Flight Center. The NASA Technical Monitor is Mr. R, H.
Counts. Dr. Uno Ingard of the Massachusetts Institute of Technology

served as technical consultant.
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ABSTRACT

As a result of the Phase I effort under Contract NAS8-21310, acoustic
liner technology matured to the extent that thrust chamber firings could
be used effectively to obtain quantitative acoustic data for verification
of liner design theory. Such data were obtained under Phase IT of the
program during firings of a specially instrumented rocket chamber at
nominal test conditions of 100-psia chamber pressure and 1000-1b thrust
using Nzoa oxidizer and 50% N2H4-50% UDMH fuel. The special instrumenta-
tion consisted of several small resonator array elements from which pres-
sure-phase data were obtained while the motor was experiencing unstable
combustion. From the pressure-phase data, the following were computed:
the acoustic resistance, reactance, and absorption coefficients of the
resonators, the particle velocities in the resonator apertures, and the
incident energy levels under hot-firing conditions. A comparison of
the experimental acoustic resistance with the cold-flow-based theory
showed satisfactory agreement. Comparison of the acoustic reactance
data with results obtained from previous cold-flow experiments did not
show good agreement, but a suitable empirical correlation was derived
from the hot test data, The experimental absorption coefficients, when
compared with values predicted using the present theory, showed an aver-
age deviation of only 11%, which led to the conclusion that the theory
is satisfactory for use in designing resonator arrays for rocket com-

bustion chambers.
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SECTION I
PROGRAM SUMMARY

A, BACKGROUND

The capability of absorbing liners to suppress combustion instabilities
in rocket thrust chambers has been substantiated by experiments conducted
over a wide range of thrust levels and chamber pressures, and with several
propellant combinations. Although not all liner applications have been com-
pletely successful, the majority of successful liners have been designed using
the analysis techniques and theory developed at Pratt & Whitney Aircraft
through the research sponsored by NASA MSFC under Contracts NAS8-11038
and NAS8-21310, The theory is based on the assumptions that the liner
acts as an array of Helmholtz resonators and that a measure of the sup-
pression characteristics of the liner can be obtained through the use of
an absorption coefficient defined as the ratio of the energy absorbed by
the array to the wave energy acting on the surface of the liner. Theo-
retically, the suppression capability of the liner is maximized when the

coefficient is unity.

The design of resonator arrays for usual acoustical applications

is a simple and straightforward process. However, many complex factors
affect the application of the theory to the design of rocket chamber
absorbers. High gas temperatures, complex flow situations, high pressure
amplitudes, and other related effects impose serious limitations and
uncertainties on the design techniques. 1In the NASA-sponsored programs,
a systematic approach to the solution of these problems has been applied.
The effects of each of the above factors on absorption has been quan-
titatively described and corroborated through cold flow experiments using

ambient air and gaseous helium and nitrogen as test media,

Extrapolation of the liner design theory, based on the results of
cold-flow experiments, to hot firing conditions introduces significant
uncertainties, primarily because the magnitude of pressure oscillations,
particle velocities, and gas flows can only be approached in cold-flow
simulations. In the past, it had been necessary to assume that the results
from thg cold-flow experiments would be applicable, principally because

there were no known reliable experimental techniques for making similar
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measurements during firings. During the first year of work under Con-
tract NAS8-21310, the pressure-phase impedance measuring technique
described in Reference 1 was developed for use during actual rocket
firings. Under the current program this technique was used to obtain

liner impedance data from carefully controlled hot-firing experiments.
B. OBJECTIVE AND APPROACH

The specific objective of the Phase II work reported herein was to
verify acoustic liner design assumptions by obtaining hot firing data
in experimental rocket tests. To accomplish this, impedance measuring
techniques developed during the previous year of effort were adapted for

use in a small, dynamically unstable rocket motor,

Specially instrumented small resonator array elements from which
pressure-phase data could be obtained were installed in the chamber,
The resonator cavities were constructed so that exact cavity impedance
formulations could be used in the data reduction process and the motor
was designed so that the effects of gas flow past the resonator elements
could be considered negligible. As a result of the previous work under
Contract NAS8-21310 (Reference 1), it is known that the shape of the
aperture edge has a pronounced influence on the acoustic resistance of
the liner; however, the effect can be predicted if the flow coefficient
of the aperture 1s known. Therefore, cold-flow experiments were con-
ducted to measure the coefficients of the resonator elements before they

were installed in the test motor.

Firings with N204 oxidizer and 50%-N2H4-50% UDMH fuel were conducted
at nominal test conditions of 100-psia chamber pressure and 1000-1b thrust.
Pulse guns were used to trigger combustion instability. From the data

the acoustic resistance, reactance, and absorption coefficients of the
elements under hot firing conditions, as well as the particle velocities

in the element apertures and the incident energy levels, were computed.
C. ACCOMPLISHMENTS

Twenty-five firings of the test motor were conducted; three with
a boilerplate chamber and nozzle to check out the test stand control
systems, two with the acoustic chamber and the primary injector, and

twenty with the acoustic chamber and the backup injector. Of the last
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20 firings, no data were obtained from four because of malfunctions, and
in 10 of the tests the induced pressure oscillations were suppressed by
the acoustic test sections within approximately 20 milliseconds. Steady-

state combustion instability was experienced during 6 tests.

Data from which the acoustic parameters were computed consisted of
(1) pressure amplitudes at the face of each resonator array element and
in the resonator cavities and (2) the phase relation between each pair
of pressure signals, Other parameters were the measured gas temperatures
in the resonator apertures and cavities and the molecular weight of the

cavity gas determined using chromatographic analysis of samples,

A special high sound level generating unit was fabricated for cali-
bration of the phase-measuring system. Calibration involved the measure-
ment of the system=-induced phase shift (baseline phase shift) between each
two data recording channels used to monitor dynamic pressures at the ele-
ment facing and in the cavity. Analysis of pre-run and post-run phase
calibrations showed that the baseline phase shift was less than 5 degrees;

no change in the phase shifts occurred during the test program.

Analysis of the acoustic resistance data computed from the pressure-
phase relations showed satisfactory agreement of the hot test data with
results obtained from previous cold flow experiments., A comparison of
the acoustic reactance data with cold flow data did not show good agree-
ment, but a new correlation was derived from the hot test data, Compar=-
ison of the experimental absorption coefficients, also computed from the

pressure-phase data, with theory showed an average deviation of 11%.

From the results of these experiments it was concluded that the pre-
sent theory is satisfactory for use in designing resonator arrays for
rocket combustion chambers, It is recommended that the liner design be
based on the maximum pressure amplitude at which the combustion in the

particular chamber is considered stable.
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SECTION IT
CONCLUSIONS AND RECOMMENDATIONS

From the results of the work reported herein it is concluded that
the present theory as outlined in Reference 1, with the following modi-
fications, be used in designing resonator arrays for rocket combustion

chambers:

1. The effective aperture length with no flow through

and/or past the apertures be computed from

1eff =T+ 0.7D
where T is the facing thickness and D is the aperture

diameter (both T and D in inches),

2, The maximum pressure amplitude allowable for combustion
in a given motor to be considered stable be used to
compute the liner absorption for the motor, instead

of the arbitrary 190 db that has been used previously.

Past efforts at Pratt & Whitney Aircraft on absorbing liners have
been limited to theoretical analysis and experimental evaluation of de-
signs consisting of arrays of Helmholtz-type resonators. These devices
are efficient combustion instability suppressors, primarily because,
when properly designed, they can absorb a large percentage, if not all,
of the pressure wave energy acting on the surface of the liner. Thus,
an array covering a significant portion of the combustion chamber sur-
face is desirable to ensure stable combustion., However, in may instances
(particularly cases of existing thrust chambers in which attempts to up-
rate performance are thwarted by the appearance of combustion instability),
surface areas are limited and only a few nonarray acoustic devices such as
single resonators, slits, or quarter-waver tubes can be installed. Under
this circumstance, the resonator array theory is not valid. 1In fact,
both the absorbing coefficient and the open area ratio, used in the array
theory, can only be arbitrarily defined for these devices, Hence, it 1is
recommended that a theory be developed for the design of nonarray acoustic

devices for suppression of rocket motor combustion instability.
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SECTION III
TEST SERIES

A. HARDWARE DESIGN

The objective of the rocket motor tests conducted was to obtain
impedance and absorption coefficient and particle velocity data for
liner sections during hot firing conditions for comparison with values
predicted using the cold flow based design theory. To avoid effects on
impedance of gas flow past the resonator elements the design of the
test thrust chamber was based on the necessity of having a low Mach
number in the combustion chamber. A contraction ratio of 7.4 was used to
produce a Mach number of 0.08, A chamber diameter of 8.87 inches was
selected to make optimum use of the existing injectors. A chamber
length of 14 inches was required to provide adequate space for the liner

test sections.

Figure III-1 presents the design of the test thrust chamber. There
are six portholes on the chamber wall for mounting any or all of the six
liner test sections. A typical test section is shown in figure III-2,
and the geometry of each section fabricated is given in table I. As
shown in figures III-3 and III-4, each element contains two helium-bleed
pressure transducers (Kistler Model 614A); one to measure pressure oscil-
lations in the liner cavity, and one to measure pressure oscillations at
the liner surface. Two thermocouples are installed to measure the liner
cavity gas temperature and the liner aperture gas temperature. A tube
through the cavity rear wall is used to take hot gas samples for chromato-
graphic analysis. The cavity backing depth of each test section may be
adjusted for a resonant frequency corresponding to any of the first three
transverse modes, the first four longitudinal modes, or the first radial

mode.
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I 24 in. *l
’ Chamber Wall
Kistler Chamber Surface
Pressure Passage
Liner
Apertures
Thermocouple
Passage
Magnesium
Zirconate
Coating
Liner Test
Section Housing
FD 33718A
Figure III-2., Typical Liner Test Section (Facing Side)
Table I. Resonator Configurations for Test Series
Liner Test Liner Open Area Range of Aperture Cavity Depth for
Section Thickness Ratio Cavity Depth Diameter Maximum Absorption
No, (in.) 3] (in.) (in.) (in.)
1 0.250 2.4 0.15-0.65 0.067 0.150
2 0.200 3.0 0.20-0.70 0.144 0.200
3 0.150 5.4 0.25-0.75 0.111 0.375
4 0.259 5.5 0.15-0.65 0,102 0.275
5 0.200 8.0 0.20~0.70 0,096 0.513
6 0.150 10.8 0.25-0,75 0.094 0.750
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= Liner Cavity
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Liner Cavity _ Transducer
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Figure III-3. Rear View of Typical Liner Test Section Show-

ing Instrumentation

—— Liner Test
Section Housing
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Liner Cavity
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Gas Sampling
O-Ring

Liner
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Liner Cavity Pressure
Transducer Passage
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Transducer Passage

FE 90055

Figure ITII-4. Liner Test Section (Internal View)
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Two existing Pratt & Whitney Aircraft-owned injectors were modified
for use under this program. A low-momentum ratio, parallel fan triplet
injector (figure III-5) was the primary unit and a self-impinging, radial
doublet injector (figure III-6) was the backup injector. To modify the
injectors for use in the 1K thrust range, approximately half of the fuel
and oxidizer orifices were welded shut. To prevent the formation of
dead-end passages where fuel or oxidizer could be trapped, the orifices
were plugged with Inconel X rods, etched to the orifice diameter and

length, and welded so the entire volume of the passages was filled.

A simple boiler-plate combustion chamber (figure II1I-7) was designed
for preliminary firings. These were planned to check both the primary
injector and the test stand control system without risking damage to the
instrumented thrust chamber. The boiler-plate chamber was made from
10-inch, Schedule 40, stainless steel pipe., The nozzle was a simple,

flatplate orifice,

Welded Oxidizer Passage Walded Fuel Passages

Chamber Pressure
Passage

FE 89500
FD 33721

Figure III-5., Modified Low-Momentum Ratio Parallel Fan
Triplet Injector
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Welded Fuel Welded Oxidizer

Passages Passages -

Chamber Pressuresmas
= Passage
amber

Pressure Tap -J -

FE 89609
FD 33722

Figure III-6. Modified Self-Impinging Radial Doublet Injector

/-Dynamic Pressure Tap

Fuel inlet —\ S Thermocouple

N

%

t«— Injector Face

@2

Oxidizer

|n|et\
10 in. 3.27 in.

i

N\

N~ T NS
k | |/ ———— Purge
B 12 in. —'l

Figure III-7. Combustion Chamber Used for Preliminary
Checkout Tests
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B. CALIBRATION OF PHASE MEASURING SYSTEM

Use of the pressure-phase technique for analyzing acoustical character-
istics of liners in rocket chambers has been attempted previously (Refer-
ence 2), but the results were inconclusive because an exact calibration of
the phase measuring system was not performed prior to testing. Calibration
involves the measurement of the system induced phase shift (baseline phase
shift) between two data recording channels used to monitor the dynamic
pressures in the combustion chamber and in the cavity behind the liner.

If the baseline phase shift is not determined, it is added to the phase

angle being measured, introducing an error of unknown magnitude.

A special high frequency, high sound level generating unit (figure III-8)
was fabricated for calibrating the phase measuring system., The calibration
apparatus consists of four Atlas sound drivers interconnected by a manifold
and exiting into a closed-end tube. Sound pressure levels of 175-db
(Reference 0.0002 microbar) can be generated up to a frequency of
approximately 3000 Hz or 160 db to a frequency of 6000 Hz. The closed
end is formed by a special end-plate (figure III-9) in which two helium-
bleed Kistler pressure transducers (Model No. 614A) and a 1/4-inch
microphone are mounted so that all three can simultaneously monitor the
standing wave pressure oscillations at the end of the tube. The passages
leading from the end of the tube to the Kistler transducers are the same

length and are identical to those used in the liner test sections.

The data acquisition system for transmitting and recording the response
of the Kistler pressure transducers contains twelve channels, two for each
of the six liner test sections. A diagram of two channels is shown in fig-
ure ITT-10. For each liner test section the dynamic pressures in the
liner cavity and in the combustion chamber at the facing of the liner
test section are recorded., To supply data for determining the baseline phase
shift between two channels, both pressure transducers are mounted in the end
plate of the phase calibrating apparatus. A signal of known frequency is
generated in the tube by the four sound drivers and the amplitude is
monitored with the 1/4-inch microphone. The entrances to both pressure
transducer passages are in the same plane at the end ot the tube; there-
fore, a known phase angle of zero degrees is generated for recording by

both pressure transducer channels.

I1I-7
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1/4-in. Condenser Helium Supply

Microphone Line Connectors
Kistler Helium Bleed
Pressure Transducers

End Plate = _

Standing Wave Tube _\

Sound Drivers

FE 89606
FD 33724
Figure I1I-8, Phase Shift Calibration Apparatus
Microphone Diaphragm
Passages to Pressure
Transducers
FD 33725

Figure TITI-9. End Plate for Phase Shift Calibration
Apparatus
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Calibration tests to provide data for measurement of the baseline
phase shift for each of the six sets of dynamic pressure recording chan-
nels were conducted before and after the test series. Each set of
channels was calibrated over a range of frequencies from 800 to 6500 cps,

with dynamic pressure amplitudes up to 3-psi peak-to-peak.

A preliminary determination of the baseline phase shift was made by
making a visual measurement of the phase angle between each set of dynamic
pressure recording channels. The recorded signals were monitored on a
dual beam oscilloscope and phase angles ranging approximately between
0 and 30 degrees were observed., At several frequencies, large distortions
in the signals were seen, These were caused by harmonic frequencies pre-
sent in the calibration apparatus and indicated that filtering of the re-
corded signals would be necessary to eliminate the distortion and permit

determination of baseline phase shift at the fundamental frequency.
C. TEST PROGRAM

Twenty-five hot firings were made on the FRDC B-5 test stand, A
summary of the tests is presented in table II. Three initial tests were
made with a boilerplate chamber to ensure proper operation of the modified
triplet injector and to check out the test stand control system. During
the first firing (test No. 1,01), the oxidizer flowmeter that is used as
a controls sensor, malfunctioned, resulting in a maximum oxidizer flow
with a corresponding 357 overscale in chamber pressure. Run time was two
seconds; no hardware damage resulted. During test No., 2.01, the control
system operated properly; however, it was found that 1,8 seconds were re-
quired to reach steady-state chamber pressure, The slow response of the
motor was caused by the low flowrates required for a thrust of 1000 pounds;
1.6 seconds were required to fill the supply lines and injector manifolds
with propellants, The firing duration for test No. 3.0l was increased
to 3.0 seconds; no heat transfer problems were encountered, and a dynamic
pressure transducer (Kistler Model 614A) indicated that no combustion
instability was present. All control systems were functioning properly,
and no problems were encountered with the modified injector; therefore,

the boilerplate chamber was replaced with the acoustic element chamber,

ITI-10



PWA FR-3880

Pratt & Whitney Rircraft

SpuooasSITIIW TeTajusdue]
0Z ut padwep uorjeqaniiad ainssaig ON yydag wnwiuIp ulein-gq 11V 1076
poI1J sem un8
asind usaym ps1anodo 3Jey3 soy1ds aany 1eI3UL3UR]
-e19dway £q pesned 3jioqe ¢1Q°/ se sueg 7 y31yg yadeqg wnuiulpy ulBIn-Q1 11V 10°8
e1sd oS Inoqe 3e sanssaiad asqueyd ("I1I 21983 99%) Te13uadue]
{pe33010 s98essed ao3zoalur A9Z1PIXQO ON yadeq wnwiuiy ulean=-9 11V 10"/
§pUOd8s 7+ 3' 1a0Qy D0Y Telpey utead-Qg
1sd g 3Inoge Jo
sopni1(due ead-oj-jyead peajeritul aesind Te13uslue],
utead-g9y1 ‘i1o03o9f[ul 391qnop Telpea Suisq utean-gl QuUON 10°9
SPUOIISTITIW (8 ul poduep
eyl sapnitidue }ead-oj-yead 1sd (¢
posnNEd SPuodDS /[ 74+ I I9s|nd uirin-Qg ON Te1peYy Ulean-Q7
SpPuodasITIIw ¢ ul poduwep
eyl sepniifdue yead-oj-syead 1sd g1 Te13IUssue],
posned spuodds ¢°gz+ e aasynd ulein-9r uleIn-97 SUOoN 10°6S
£3111qe3sutl ou
ts3nid p110s Yitm I9queyo OTISNODE pIs| OoN SUON QuoN 10 %
swaTqoad 10399fur 10 syoxa
-U0d ON !SPuUOIDS ()*¢ SBM UOTIJRINP UNY ON SUON QuoN 10°€
sanssa1d Jequeyo Lpeals 3198 o3
Jioys oo3 sem uni {iaqueyd o3ejdasiog ON SUON QUON 10°2
elsd Gg sem
°2anssaid 1aquWeys {UOTIDUNFTBW SATEBA
1013U0d 1921pIxX0 ‘isqueyd ajejdasriog oN SUON SUON 10°1
T
SjulwWwon 130Qy yadseqg 431ABD 93aey) aasing pos siaulT *oN 3IS9f

Ailewwung 3s3] *II 9[9BIL

ITI-11



Pratt & Whitney Rircraft

PWA FR-3880

elep GLT°0 Te13us8uel  (V00:Z1) %6°G
jead-o3-jead 1sd-Qgg JO SPUODISSTIIW Q] ON GLE"O urean-Gg (V00:€) %4v°S 10°1¢
e3Rp YEad-03 0S1°0 Te1juadue],  (V0O0:ZI) %5°S
-jead 1sd-09 03 -Qf JO SPUODSSTITTIW QQT 0¥ 0S2°0 ulRIH-GT (V00:€) %¥w°¢ 10°0¢
1e13UuasBue]
SpuooasIIyIw G] ul podwep 9y1ds aasing ON 0S.°0 uteId-gz  (V00:Z1) %8°01 10°61
Spuoo9s 06270 Te13ualduel, (V00:Z1) %8°01
-1111w o7 ul paduwep osynd sinssaig oN GZS°0 ulein-Gg (V00:€) %4%°T 1081
ejep GZ95°0 Te13ualue]l (V00:ZI) %8°01
jead-o3-jyead 1sd-g¢ JO spuodasITlIW Q] oN S/€°0 uiRIn-GY (V00:€) %4%°T 10°/1
ejep Mead-o3 /€70 Ter3usduel (V00:Z1) %8°01
-jyead 1sd-Qg% 03 -Q¢ JO SPuUOISSITIIW QT 004 0S1°0 utTRIH-GZ (V00:€) %% ¢ 10°91
e3ep YMead-01 GL€9°0 Te13udBue]  (V00:ZI) %0°8
-iead 1sd-gg 03 -Q¢ FO SPUOISSITIIW QQT 204 GLE9°0 ulein-gy (V¥00:€) %0°€ 10°GT
Spuoodss GZ1S*0 Te1ausduey  (V00:CT1) %0°8
-T1TTw Q7 ul pedwep IDURQIANISTP A9SINJ ON GT1S°0 uieid-9 (V00:€) %0°¢ 10°%1
GZ15'0 (V00:21) %40°8
SPUODISTTTTW 0S42°0 Te13udsue],  (40€:0T1) %S°S
0Z ul padwep 9oueqaNISIP 2Inssald ON GZI1S'0 uteIn-O% (V00:€) %0°¢ 10°€1
GZ1S°0 (V00:21) %0°8
osind ains 0S.2°0 1er3usduel  (4OE€:0T) %G°S
-s2ad 1s33e A79jerpswwl pajioqe 3s9L DI YBIH GTIS 0 urein-Gcg (V00:€) %0°€ 10°21
elep Nead-oj-jyead 0SZ€°0 Te1yuelue],  (V00:Z1) %0°8
1sd-0g 03 -09 JO SPUOISSITIIW Q0T 00y 0SZ€°0 uteIn=-G7 (¥00:€) %0°¢ 10711
TeIpey ulein-Qg
SPUOIISTTIIW Te13us3ue]
0¢ ul psdwep uorleqanjaad 2anssaig ON yjdeg wnuiulp uiean-gi 11V 10°01
Q.G.“H
SJUDUMOY) J110qy yideq £314€DH 931ey) a9sing pesn SasulT *"ON 3IS9L

(penurjuo)) AaeUMING S

*I1 °T9qelL

III-12



Pratt & Whitney Rircraft

PWA FR-3880

SpU0daSTI{IIW (g 005470 Ter3ualduel (90€:01) %8°01

ul padwep 91ds 1sd-gQ] A193ewix0addy ON 0S1°0 uleIn-gyg (90€:1) %v°¢ 10°6¢
SPUOD9STIIIW Q7 006.°0 Terjuslue], (90€:01) %8'01

ut padwep oy1ds 1sd-gQ7 A193pWIx0addy ON GTIS"0 urein-gg (40€:1) %0°8 10°%2
elep GLT 0 Te13ue8uel  (90¢:01) %S°S

yead-o3-jead 1sd-09 jo spuoossiTiIW QT D0Y¥ GLEO uleIn-gg (90€:1) %v°S T0"€2
£31711qeasur Sur88nyo e 62<'0 Te13uadue], (V00:21) %G°¢

Jo 9sneddq paulrlqo eiep ajqeidasdse oN ON €29°0 urein-gg (Vv00:¢€) 3%%°¢ 10°22

oY
S3UDUWO N j10qy yadeaqg £311aenH a8x1ey) assing pos)l sasul7 °*oON 1S3

(penuTiuo)) Aaeuwwng 3sal

"11 ®Tqe]

ITI-13



Pratt & Whitney Rircraft
PWA FR-3880

Tests No. 4.01, 5.01, and 6.0l were made using the acoustic element
chamber with the liner test section portholes closed using solid plugs to
enable the dynamic pressure characteristics of the unlined chamber to be
obtained., Test No. 4.01 was a stable run in which no perturbation de-
vices were used. For test No. 5.01, a l6-grain tangential pulser, timed
to fire at +2.3 seconds and a 20-grain radial pulser timed to fire at
+2,7 seconds, were installed. The run was stable until the tangential pulser
fired, causing an overpressure in excess of 100 psi that damped in 25
milliseconds; firing the radial pulser resulted in an overpressure in
excess of 150 psi that damped in 80 milliseconds. In an attempt to ob-
tain a more unstable motor, the injector was replaced before test No, 6.0l
with the radial doublet fan injector. A lé-grain tangential pulser and a
25-grain radial pulser were installed and timed to fire as in test No.
5.0l, The run was stable until the tangential pulser fired, causing an

overpressure in excess of 100 psi that failed to damp, The pressure

oscillations were primarily at a frequency corresponding to the first
tangential mode (2980 cps) with peak-to-peak amplitudes up to 100 psi.
(See figures III-11 and III-12.) The test was aborted at +2.4 seconds
by the Rough Combustion Cutoff device (RCC). No hardware damage was

encountered.

From the results of test No. 6.01, it was concluded that the motor
with the radial doublet injector was dynamically unstable and, therefore,
suitable for testing with the acoustic elements. The solid plates were

removed and the six acoustic liner test sections were installed.

Four tests (No. 7.01, 8.01, 9.01, and 10.01) were made with all six
liners installed (figures III-13 and III-14) and set at their minimum
cavity depth, (Refer to table I.) 1In tests No. 7.0l and 8.01, insuf-
ficient data were obtained because of a 50% underscale in chamber pres-
sure, The low chamber pressure was the result of low oxidizer flow
caused by clogging of the oxidizer injector passages with the residue
of a reaction between the nitrogen tetroxide and moisture in the atmos-
phere., The passages were cleaned by flowing demineralized water through
the injector; to prevent recurrence, a heated gaseous nitrogen purge was

used between firings throughout the remainder of the test program.
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Figure III-13, Combustion Chamber With Acoustic Test
Sections Installed
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Figure TITI-14. Typical Liner Test Section
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In test No. 9.01, a l6-grain tangential pulser was fired at +2.3
seconds, producing an overpressure in excess of 100 psi that damped in
20 milliseconds. For test No, 10,01, a l6-grain tangential pulser and
a 20-grain radial pulser were both timed to fire +2.3 seconds. An over-
pressure in excess of 250 psi resulted, which again damped in about

20 milliseconds.

From the results of test No. 10.01, it was concluded that the motor
could not be driven unstable with all six acoustic elements installed;
therefore, four liner test sections were removed from the B and C planes
leaving only the 3,0% and the 8.0% liner samples nearest the injector
in the A-plane. (See figure III-1 for location and angular orientation
of instrumentation planes.) Both liner cavity depths were set for low

absorption at the first tangential mode.

During test No, 11.01, combustion was stable until the 25-grain
tangential pulser was fired at +2.3 seconds, causing an overpressure in
excess of 200 psi and producing pressure oscillations of approximately
80-psi peak-to-peak that failed to damp. The test was aborted at +2.4
seconds by the RCC system,

In an attempt to reduce the number of firings required to test all
of the liner samples, a third liner test section was added in the 10:30
B-plane position before test 12.01., The lirer cavity volume was adjusted
for maximum absorption at the first tangential mode. Test No. 12.01 was
aborted because of a malfunction in the high temperature abort system;
no acoustic data were obtained. Test No. 13.0l1 was made immediately
after run 12,01, with no changes to the liners. A 40-grain tangential
pulser was fired at +2.3 seconds, but the resulting pressure disturbance
was damped in 20 milliseconds., Evidently, the addition of the third
liner sample provided too much absorption; therefore, the liner sample
in the B-plane was removed before the next run. During test No. 14.01
the pressure perturbation was damped in 20 milliseconds, For test’
No. 15.01, the backing cavity depth of the two liners was increased to
reduce the amount of absorption at the first tangential mode. A 25-grain
tangential pulser was fired at +2.3 seconds resulting in approximately
80-psi peak-to-peak pressure oscillations that did not damp; an RCC abort

occurred at +2.4 seconds,

I11-17



Pratt & Whitney Rircraft
PWA FR-3880

The next four tests were made with the 10.8% open area ratio liner
in the 12:00 A-plane position and the 2.4% liner in the 3:00 A-plane
position. For test No. 16.01, the 2.4% liner was set for maximum absorp-
tion and the 10.87% liner was set for minimum absorption. Beginning with
Test No. 16.01, a gas analyzer was connected so that the gas density in
the liner cavities could be determined. A 25-grain tangential pulser
was fired, causing pressure oscillations of about 40-psi peak-to-peak
that failed to damp; an RCC abort occurred., For tests No. 17,01 and 18.01,
the backing cavity depth was increased before each run, and a 25-grain
tangential pulser was fired during each test;‘the pressure pulses damped
in less than 20 milliseconds. Before the next test, the 2.4% liner was
removed leaving only the 10.8% liner set for maximum absorption at the
first tangential mode., A 25-grain tangential pulser fired at +2.,5 sec-
onds created a 200-psi pressure spike that was damped in 10 milliseconds.
It was concluded that the 10.8% liner absorbed sufficient energy to pro-

vide stable combustion regardless of the amplitude of the perturbations.

In the next three tests, the 5.5% liner sample was installed in the
12:00 A-plane position, and the 5.4% liner was installed in the 3:00 A-
plane position. For test No. 20.0l, the liner sections were set at the
minimum cavity depth to produce low absorption. A 25-grain tangential
pulser was fired at +2.5 seconds, causing approximately 50-psi peak-
to-peak pressure oscillations; an RCC abort occurred at +2.6 seconds.

For test No. 21.01, both liner cavities were adjusted for maximum absorp-
tion at the first tangential mode. A 25-grain tangential pulser was fired
causing a pressure spike of over 200 psi that damped in 10 milliseconds.
The liner cavity volume was then increased for the next test. Prior to
test No.22.01, the sensitivity of the fuel control valve was changed in

an attempt to stop a slight drifting of the static chamber pressure pres-
ent during earlier firings. Test No. 22.01 was made, but further prob-
lems with the fuel control valve sensitivity resulted in a low frequency,
high amplitude chugging instability; no acoustic data were obtained.
Before test No, 23.01, the fuel control valve sensitivity problem was

corrected.

To obtain data from the liner test sections in their resonant con-

figurations, three final tests were conducted with the sections mounted
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in the B-plane positions. It was expected that by moving the resonators
farther away from the injector it would be easier to excite an instability.
Test No. 23,01 was made with the 5.47 liner in the 1:30 B-plane position
and the 5.57% liner at the 10:30 B-plane position, both set for maximum
absorption at the first tangential mode., A 25-grain tangential pulser

was fired at +2.5 seconds that caused 60-psi peak-to-peak oscillations,
which persisted until an RCC abort occurred at +2.6 seconds. Also,

during test No. 23,01, a gas analyzer was attached to the resonator in

the 1:30 B-plane position to sample the cavity gas during the test. Prior
to test No. 24,01, the 5.4% and 5.5% liners were removed and the 8.0% and
10.8% liners installed at the 1:30 B-plane position and the 10:30 B-plane
position, respectively. The gas analyzer was connected to the 10:30 B-
plane position., A 25-grain tangential pulser, fired at +2.5 seconds,

produced a 100-psi overpressure, but was damped in 20 milliseconds.

In an attempt to reduce the amount of absorption provided by the two
acoustic elements, the 8.0% liner was replaced with the 2,4% liner,

set to operate at resonance. Test No. 25.01 was made with a 25-grain
tangential pulser that produced a 100-psi pressure spike that damped

in 20 milliseconds., The last two tests, with the 10.8% liner set at
resonance, show that this one liner provides enough absorption to cause

this particular combustion chamber to be dynamically stable.

With test No. 25,01, the test program was completed. The results of
the 25 tests showed that for this particular thrust chamber instabilities
could only be sustained using liners with theoretical absorption coefficients
of less than 55%, while liners set for higher absorption caused the pres-
sure oscillations resulting from nonlinear perturbations to decay within

20 to 30 milliseconds.
D. ANALYSIS OF DATA

A discussion of the procedures that were used in reduction and analysis
of data from the test series and the results obtained is presented in the

following order:

Test Stand Oscillograph Traces

. Aperture and Cavity Gas Temperatures
Liner Cavity Gas Analysis

. Pressure-Phase Data Reduction

v P~ W N
.

. Analysis of Acoustic Data.

ITI-19



Pratt & Whitney Rircraft
PWA FR-3880

1. Test Stand Oscillograph Traces

Unfiltered oscillograph traces of the response from dynamic pressure
transducers are available immediately after each firing is completed. The
traces are used to determine the dynamic pressure characteristics of the
combustion process after the pulse gun is detonated. The traces indicate
how fast the pressure spike decays or, if a steady-state instability is
generated, they provide approximate information on the amplitude and fre-
quency of the instability. For example, in test No. 14.01, the 8.0%
and 3.0% open area ratio liners (table II) were installed in the chamber;
oscillograph traces for the 8.0% liner (figure ITI-15) indicated that a
pressure spike in excess of 100 psi damped in less than 40 milliseconds.
In test No. 15.01, the same liners were used but the backing cavity depth
was increased by 0.125 inch; oscillograph traces for the same liner
indicated that the pressure spike failed to damp, resulting in steady-
state pressure oscillations with amplitudes ranging from 50- to 80-psi
peak-to-peak. Traces for test No. 15.01 showed the frequency of insta-
bility to be approximately 3000 cps (first tangential mode). Unfortun-
ately, these oscillograph traces are not accurate enough to provide
exact values for pressure amplitude and frequency; therefore, a more
detailed analysis of the tape-recorded signals was performed (see Appen-

dix A).

2. Aperture and Cavity Gas Temperatures

Data from thermocouples installed in the liner apertures and backing
cavity are used to provide the information necessary to calculate the
density and sonic velocity of gases in the liner. Also, the temperatures
recorded from the liner cavity can be useful in determining if combustion
gases enter the cavity, or if the helium purges from the pressure trans-
ducers maintain a helium atmosphere in the cavity. For example, test
No. 11.01 was aborted by the rough combustion cutoff system at approxi-
mately +2.46 seconds, or about 0.16 second after the pulse gun detonated,
Immediately after the pressure spike occurred, a sharp rise in the aper-
ture gas temperature resulted (figure ITI-16), with a similar but less
abrupt rise in cavity gas temperature. In test No. 13,01, the pressure

pulse damped in 20 milliseconds, resulting in stable combustion; the
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temperature data indicated only a small change in the rate of temperature
increase. (See figure III-17.) Analysis of the temperature data for
these two tests leads to the conclusion that the high gas temperatures
are the result of unstable combustion and indicates that the gases in
the liner cavity will have the same properties as those of the combustion

gases and not those of helium,

40 psi Per Half Inch
(For All Traces)

— gt
s -1 \—Chamber Pressure

ol W\W
"

Cavity Pressure

Test No. 14.01

’ Tangential Pulser (100-psi Spike)
f//—_- r-———001 sec

gy TV v,

Test No. 15.01

Cavity Pressure

FD 36174

Figure III-15, Oscillograph Traces of 8.0% Liner Tests
No. 14,01 and 15,01
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DF 77987

Figure I1I-16, Liner Aperture and Cavity Temperature Profiles
for Test No, 11.01

DF 77989
Figure I1I-17., Liner Aperture and Cavity Temperature Profiles
for Test No, 13.01
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3. Cavity Gas Analysis

A gas analyzer was used to determine the average molecular weight of
the gases in the liner cavities during several of the hot tests. A meas-
ure of the molecular weight was necessary to definitely determine if
helium from the pressure transducers, hot gases from the combustion
chamber, or a mixture of both were present in the liner cavity. The

procedure for determining the molecular weight is as follows.

As shown in figure III-18, the gas sample, forced by the chamber
pressure, exits from the liner cavity into the lst-Varian Aerograph,
6-way linear gas sampling valve., Actuator No., 1 closes at the desired
sampling time (0.10 second after the pulse gun fires), and gas is allowed
to drop to ambient pressure before actuator No. 2 closes (1.5 seconds
after actuator No, 1 closes). The precise sample volume (1l cc) is in-
jected into the nitrogen sample carrier flow to a Gow-Mac Gas Density

Detector, Model 373.

The Gow-Mac Density Detector detects changes in flow through the use of
heated wire elements in a bridge circuit (E1 and EZ)' A reference gas
(gaseous nitrogen) enters the detector (at A), splits into two streams,
flows past the detector elements and exits to the atmosphere (at C). The
sample enters the detector downstream of the heated elements (at B), splits
into two streams, combines with the reference gas flow, and is discharged

to the atmosphere,.

When the sample gas is the same density as the reference gas, the
detector bridge circuit is balanced. When a sample of different density
is injected into the detector, the sample density causes a net upward,
or downward flow in the detector., The flow variation causes an imbalance
in the bridge circuit that is recorded on the Sargent Laboratory Recorder.
The difference between the molecular weight of the sample gas and the
reference gas is linear with the bridge output for equal gas volumes.

The molecular weight of the gas can thus be determined.
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Results from the gas analyzer data for tests No, 17.01, and 19.01

showed that the gases in the liner cavities were of molecular weight

(58 lbf-ft/lbm-°R) lower than the theoretical value for combustion gases
(70 1bf-ft/1bm-°R). It is worthy of note that both tests stabilized
immediately after the pulse gun fired. Gas analyzer data from test No.
No, 23.01, which was aborted by the RCC, showed that the molecular weight
of the gas in the liner cavity was 67 1bf-ft/1bm-°R, which is excellent
agreement with the theoretical value. From these results, it was con-
cluded that for unstable tests the liner cavities are thoroughly purged
by hot combustion gases forced into the cavity through the liner aper-

tures by the high oscillatory pressure amplitudes in the chamber.

4, Pressure-Phase Data Reduction

Pressure-phase data was obtained from high speed oscillograph traces
of the Kistler transducer signals. Before the oscillograph traces were
made, a spectral analysis of the dynamic pressure data was conducted. The
analysis showed that pressure oscillations above the random noise level,
i.e., approximately l-psi peak-to-peak, existed at three distinct fre-
quencies., The amplitudes of two of the oscillations were below 5-psi
peak-to-peak; one at a low frequency, which was attributed to 60-cycle
noise, and the other at a frequency of approximately 6K Hz, which cor-
responded to the first radial mode. The third oscillation was of high
amplitude (nominally 50 psi peak-to-peak) at a frequency of approximately
2800 Hz. (The results of the spectrum analysis for these oscillations
are included in Appendix A,) Thus, to eliminate all but the high amplitude
signals the data was filtered using a 1.6K Hz high pass filter and a 4K Hz
low pass filter leaving a frequency band of *1,2K Hz about the frequency

of the first tangential mode.

The high speed oscillograph traces were made by running the oscillograph
paper at approximately 160 inches per second (ips) while the data originally
recorded on magnetic tape at 30 ips was played back at 1.875 ips. By playing
the data back at this reduced speed a higher resolution (spreading out) of
the data is obtained, enabling a more precise measurement of the phase
angle than if the data were played back at 30 ips. All channels in

the oscillograph were ac-coupled to eliminate the dc drift that is caused
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by variations in chamber pressure (primarily a result of the shock wave

produced when the pulse gun was fired).

The phase angle and pressure amplitudes were taken from the oscillograph
traces by hand measurements. The phase angle between two traces was deter-
mined by locating the zero point of each pressure wave (figure III-19),
and by measuring the distance between them, The phase angle was calculated

from the following relationship:

Phase Angle 360 degrees (1)
Distance Between Zero Points Wave Length Distance

The vertical scale of the traces was set so that a distance of 1 inch
represented 60 psi peak-to-peak; hence, the amplitude was calculated

from the equation:

Pressure Amplitude = peak~-to-peak displacement, in. x 60 ()

Oscillograph traces (figure III-20) of the baseline phase calibrations
at a frequency of 2800 Hz showed that the system induced phase shift was
less than 5 degrees, which is within the accuracy limits of the method
used for measurement. Furthermore, comparison of prerun and postrun
calibration data (figure ITI-20) indicated that the baseline phase shift
was the same before and after the test program, Therefore, the baseline
phase shift used for correcting the phase angles obtained from the hot

test data was taken as zero.
5. Analysis of Acoustic Data

To determine the acoustic characteristics of each liner test section,
the impedance relations derived in Reference 1 were used to determine the
components of impedance, orifice particle velocity, absorption coefficient,
and incident sound pressure levels from each data point (including the
pressures in front of the liner, in the liner cavity, and the phase angle
between the two). All data, including the computed acoustical charac-

teristics, are listed in Appendix A.

ITI-26



Pratt & Whitney Rircraft
PWA FR-3880

Chamber
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Portion of Oscillograph Trace for Hot Fire Test No. 15.01
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Figure ITII-19, Method of Pressure-Phase Data Reduction
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Figure TII-20. Comparison of Typical Prerun and Postrun
Phase Shift Calibrations
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a, Acoustic Resistance Data

Analysis of the acoustic resistance data was based on an attempt to

verify the following equation for the specific acoustic resistance:

2
§ = 0.37u/geC; . (3)
where
@ = specific acoustic resistance
u = orifice particle velocity
Jd = open area ratio

sonic velocity

(o]
1

Cg = flow coefficient of liner facing (see Appendix B).

To verify equation (3), it is necessary to show that the proportionality
coefficient (0.37) was representative of the hot data. The value of
this coefficient for all the acoustic resistance data was evaluated
using the equation:
00ch2
K = ———— %)

u

The mean value of K for each liner test section and the cold flow data
of Reference 1 are shown in figure III-21, The mean coefficients for
the hot data do not significantly differ from the cold flow data, which

may be substantiated by comparing the deviations as follows:

Type of Test Average Deviation, % Maximum Deviation, %
Cold Flow 12,5 32
Hot Firing 19.1 29

From these results, it was concluded that the acoustic resistance of
partitioned liners operating under hot firing conditions can be described

by the equation:

6 = 0,37u/0 ch2 (5
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FD 37367A
Figure III-21. Comparison of Acoustic Resistance Data From
Ambient Impedance Experiments and Hot Firing
Rocket Tests

b. Acoustic Reactance Data

Using the data obtained from the high speed oscillographs, an analysis
was made to substantiate or improve the existing acoustic reactance theory.
The effective length of the apertures is the only empirical term in the

theory; therefore, the formula now in use for the effective length:
£y =T +D (6)
Tl

where T and D are the liner facing thickness and aperture diameter,
respectively, was compared to the experimental values. (See fig-
ure IIT1-22,) The comparison showed that the theoretical effective
length was in error by 17%, on the average, and incorrect by as much
as 63% in individual cases. Thus, an investigation was made to find
a more suitable expression for the effective length. Because the
theoretical lengths computed using equation (6) were larger than the
experimental effective lengths, the equation:

L. =vV12 +p? (7

T2

was investigated. It was found that the error could be reduced to an
average of 12%; however, the values determined by equation (7) were

found to be smaller than the actual effective lengths. Finally, a third
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Figure III-22. Comparison of Experimental and Theoretical
Values of Effective Length
equation was used to predict the effective length that was shown to give

the best fit to the hot data. This equation:
fpq = T + 0.7D (8)

shows average agreement within 11% of the experimental data,

A comparison of the averaged experimental effective lengths from
the ambient impedance experiments of Reference 1 and the Baseline Test
Series was made with the theory of équation (8) ., The results are shown
in figure III-23. The data from the ambient experiments fall, on the
average, slightly higher than theory, and there is more scatter in the hot
data; however, the theory is seen to be a fair representation of the

entire data sample,
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Figure IIT-23. Comparison of Aperture Effective Length Data

From Impedance Experiments and Hot Firing
Rocket Tests With Theory

Comparison of Absorption Coefficients

Analysis of the acoustic data computed from high-speed oscillograph

pressure-phase relations also included an evaluation of the accuracy of

the liner design theory in predicting the absorption coefficient for each

liner test section. To compute the theoretical absorption coefficients,

the theory outlined in Reference 1 was employed with the following exceptions:

1. The peak pressure amplitudes measured at the liner facing

during the particular firing were used.
2, Effective aperture lengths were computed from equation (8).

3. No corrections were made to the theory to account for the

chamber gas velocity.

4. Gas properties were based on the experimentally determined
molecular weight of the cavity gases and the maximum recorded

aperture gas temperatures,

5. Flow coefficients used were the experimentally determined

values for the particular liner facing. (See Appendix B.)
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A comparison of the experimental and theoretical absorption coefficients
is shown in figure TIII-24, Good agreement between theory and experiment

was obtained; the average deviation is only 11% for all liner test sections.
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Figure III-24. Comparison of Experimental Absorption
Coefficients With Theory
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APPENDIX A
TEST DATA

Before preparing the high-speed oscillograph traces from which the
pressure-phase data are obtained, a spectral analysis of the dynamic
pressure data from each unstable test was performed. The analysis is
necessary because the exact frequency of the predominant amplitudes
must be known so that the data can be properly filtered before input
to the oscillograph. The results of the spectral analysis are shown
in figures A-1, A~2, and A-3. Tt was found that the peak-to-peak
amplitudes in these figures are approximately 15% lower than those
obtained from the oscillograph traces, a reduction caused by the narrow-
band filtering and time-averaging techniques that were used to perform
the spectral analysis. The inconsistency had no effect on the acoustic
data, because all pressure amplitudes used in data reduction were taken

from the oscillograph traces, not the above figures.

In table A-1, the pressure amplitudes, phase angles, and resulting
liner acoustical properties for each unstable test are listed. A brief
title describing the individual liner test section and the test number
for which the data were obtained precedes each individual listing. Next,
the properties of the gaseous medium and the dimensions of the resonator
assembly that were input into the data reduction program are given. The

following list identifies each heading:

3
DEN Density (Aperture Gas), 1bm/ft
SONIC Sonic Velocity (Aperture Gas), ft/sec
VIS Dynamic Viscosity (Aperture Gas),

1b /ft/sec
m

CF Flow Coefficient
SIG Open Area Ratio
XL Cavity Backing Distance, in.

Liner Thickness, in.

D Aperture Diameter, in.

A-1
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Headings for the experimental data from the oscillograph traces and

the resulting acoustical properties are:

Data
FREQ Frequency, Hz
PAl1 Chamber Pressure Amplitude Peak-to-
Peak, 1bf/in?
PA?2 Cavity Pressure Amplitude Peak-to-
Peak, 1bf/ing
PHASE Phase Angle, deg

Acoustical Properties

INERT Specific Acoustic Inertance

REACT Specific Acoustic Reactance

RESIS Specific Acoustic Resistance

IMPED Specific Acoustic Impedance

ABSOR Absorption Coefficient

SPL Incident Pressure Amplitude, db

UORF Particle Velocity in Apertures, ft/sec
LEFF Effective Length of Aperture, in.
K2RES K2 Resistance Proportionality

Coefficient = RESIS @ chz/UORF
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APPENDIX B
APERTURE FLOW COEFFICIENT EXPERIMENTS

Steady-state flow tests of the Task I resonator elements were con-
ducted to determine the flow coefficients of the aperture arrays. The
test apparatus (figure B-1) consisted of a flow orifice through which
gaseous nitrogen flowed into a manifold tube mounted in place of the
rear cavity wall of the liner test sections. 1In the experiments, the
gas supply was set to produce various velocities in the liner apertures
so that Reynolds numbers from 0.4 x 10+6 to 2.0 x 10+6 could be obtained;
this range corresponded to the expected Reynolds numbers produced by
the oscillatory velocities in the liner apertures during the hot tests.

The flow coefficient was determined from the equation

c. - W
0.525 Y1D2 PAp
where
w = flowrate (1bm/sec)
D2 = effective diameter of the apertures

upstream density (1bm/ft3)

>
v
]

pressure differential across the apertures (psid)

Y1 compressibility factor.

Results of the experiments (figure B-2) were used in the analysis of

the acoustic data obtained from the test series.

B-1
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Orifice Pressure Taps
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Manifold Tube Liner Test Section

FD 36172
Figure B-1. Apparatus Used to Determine Flow Coefficients
of Liner Samples

DF 79291
Figure B-2. Flow Coefficients of Liner Test Sections
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